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CROSS-REFERENCE TO RELATED APPLICATION

[0001] This application claims priority under 35 U.S.C. § 1 19(e) to U.S. Provisional Patent

Application Serial No. 60/439,846, "Adaptive Optics Imaging System with Object Acquisition

Capability," filed Jan. 13, 2003. The subject matter of the foregoing is incorporated herein by

reference in its entirety.

BACKGROUND OF THE INVENTION

1. Field of the Invention

[0002] This invention relates generally to adaptive optics systems and, more particularly, to

object acquisition and alignment of adaptive optics systems.

2. Description of the Related Art

[0003] With recent advances in technology, there is an increasing interest in the use of

adaptive optics for various applications. For example, there is a rapidly expanding need for data

transmission and an infrastructure to accomplish it. While the use of fiber optics has increased

the capacity and efficiency of data transmission, the expanding data transmission needs require

continual additions to the fiber optics infrastructure at enormous expense and difficulty. There

have been experiments and attempts to augment the data transmission system by using light

waves through the free-space of the atmosphere. However, the inevitable changes in atmospheric
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conditions are a significant impediment to the accuracy and reliability of free space optical data

transmission systems. For example, atmospheric conditions such as wind, heat waves and the

like create aberrations that are constantly changing. This, in turn, degrades the quality of the

wavefront that is received, resulting in degradation of the overall quality of the data transmission.

There is an increasing interest to use adaptive optics to correct for these aberrations, thus

improving the performance and reliability of free space optical data transmission systems.

[0004] However, for certain applications, it can be difficult to align the adaptive optics

system. For example, in data transmission applications, it is usually desirable for the transmitter

to generate a narrow optical beam in order to increase the power efficiency of the system. The

receiver optics typically also has a narrow field of view in order to avoid receiving unnecessary

background noise and undesirable artifacts. However, it is generally difficult to align a receiver

with a narrow field of view to a transmitted beam which is also narrow in beam width.

[0005] Increasing the width of the transmitted optical beam and/or the field of view of the

receiver optics can reduce this difficulty. However, both of these solutions have significant

drawbacks. As mentioned above, increasing the width of the transmitted optical beam means

that a greater percentage of the beam will not be collected by the receiver optics and will be

wasted, lowering the overall efficiency of the system. In addition, if multiple receivers are -

located close to one another, a transmitted optical beam that is wider than the collection aperture

of the receiver optics may spill over to adjacent receivers, interfering with their proper operation.

Increasing the field of view of the receiver optics also has its drawbacks. In addition to

collecting more background noise, increasing the field of view increases the chances that auto-

tracking receivers will track the wrong object. Adaptive optics systems typically run in closed

loop mode where they automatically correct for the aberrations experienced by an object - the

transmitted optical beam in this example. However, systems may sometimes begin to track the

wrong object, for example the sun, glints, or other bright objects that appear within the system's

field of view. Increasing the field of view increases the risk that this might happen.
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[0006] Thus, there is a need for adaptive optics imaging systems that have improved

acquisition and alignment capability.

SUMMARY OF THE INVENTION

[0007] The present invention overcomes the limitations of the prior art by providing an

adaptive optics imaging system that has an acquisition imaging subsystem to assist in acquisition

and alignment of the system to a target object. A wavefront sensor in the adaptive optics imaging

system is aligned to a reference object in the acquisition imaging subsystem. The target object is

also aligned to the reference object. In this way, alignment of the target object with the

wavefront sensor is achieved.

[0008] In one implementation, the adaptive optics imaging system includes a primary

imaging subsystem and an acquisition imaging subsystem, which are located in fixed positions,

relative to each other. The primary imaging subsystem includes a telescope. It also includes a

variable phase device and a wavefront sensor located on the optical axis of the telescope. These

two elements provide adaptive optics capability. The acquisition imaging subsystem includes an

optical imager, which images a reference object onto an acquisition detector. A beamsplitter

combines the primary imaging subsystem and the acquisition imaging subsystem. The

beamsplitter splits the optical axis of the optical imager so that the wavefront sensor preferably is

located at an image plane of the optical imager. The optical axis of the telescope is split

upstream of the variable phase device and so that the acquisition detector preferably is located at

an image plane of the telescope. Typically, the field of view of the acquisition detector is larger

than the field of view of the wavefront sensor.

[0009] The variable phase device is controlled to align the wavefront sensor and the

reference object. In one implementation, the reference object is incident upon the wavefront

sensor and signals from the wavefront sensor are used to control the variable phase device. A
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beam steering mechanism for the telescope is controlled to align the target object for the

telescope with the reference object. In one implementation, both the target object and the

reference object are imaged onto the acquisition detector and are aligned by aligning their

images.

[0010] In one specific implementation, the variable phase device is a deformable mirror,

the wavefront sensor uses a pair of defocused pupil images, the reference object is the end of an

optical fiber, the acquisition detector is a CCD imaging array, and the beam steering mechanism

is a tip-tilt mirror. The overall system is used for data transmission in the 1.55 fxm wavelength

region and the wavefront sensor is also sensitive at this wavelength, but the CCD imaging array

operates in the near infrared wavelength region. Accordingly, both a 1.55 ^im source and a near

infrared source are coupled into the fiber so that the reference object includes both wavelengths.

The primary target object is the 1.55 jam transmitter but near infrared beacons, located in a

known position relative to the primary object, are also used for the initial acquisition and

alignment.

[0011] Other aspects of the invention include methods and systems corresponding to the

devices described above.

BRIEF DESCRIPTION OF THE DRAWINGS

[0012] The invention has other advantages and features which will be more readily

apparent from the following detailed description of the invention and the appended claims, when

taken in conjunction with the accompanying drawings, in which:

[0013] FIG. 1 is an illustration of an adaptive optics imaging system according to the

present invention.
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[0014] FIG. 2 is a flow diagram illustrating object acquisition for an adaptive optics

imaging system.

[0015] FIGS. 3A-3C are illustrations of the field of view of the acquisition detector,

illustrating object acquisition.

[0016] FIG. 4 is an illustration of another adaptive optics imaging system according to the

present invention.

[0017] FIG. 5 is an illustration of a free-space optical data transmission system using

adaptive optics.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0018] FIG. 1 is an illustration of an adaptive optics imaging system 100 according to the

present invention. The system 100 includes a primary imaging subsystem 150 and an acquisition

imaging subsystem l 60, which are located in fixed positions relative to each other. The system

100 also include a beamsplitter 190 that combines the two imaging subsystems 150 and 160, as

will be further described below.

[0019] The primary imaging subsystem 1 50 includes a telescope 110 (represented by lens

1 1 8 in FIG. 1), a variable phase device 114 and a wavefront sensor S. The telescope 1 10 has an

optical axis 155. The variable phase device 1 14 and wavefront sensor S are located on the

optical axis 155, with the wavefront sensor S downstream of the variable phase device 1 14. The

primary imaging subsystem 150 typically also includes a detector D. In this example, a

beamsplitter 126 splits the optical axis between the detector D and wavefront sensor S. The

primary imaging subsystem 150 also includes a beam-steering mechanism 116.
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[0020] The primary imaging subsystem 150 images light rays R from a light source L onto

the detector D. The variable phase device 114 and wavefront sensor S form an adaptive optics

loop that can be used to compensate for aberrations in the optical path traveled by the light rays

R. The variable phase device 1 14 introduces an adjustable phase that ideally would reverse the

effects of unwanted aberrations, leaving zero residual aberration. Examples of variable phase

devices 1 14 include deformable mirrors (which operate in reflection) and liquid crystal devices

(which can operate in transmission). The wavefront sensor S takes a measure of the actual

amount of residual aberration and the variable phase device 1 14 is controlled accordingly.

[0021] During normal operation, the adaptive optics feedback loop operates as described

above. However, in order for this to work well, the light source L is assumed to be within the

field of view of the wavefront sensor S. In other words, it is assumed that the telescope 110 has

already acquired the light source L. This is not always a trivial task. For various reasons, the

field of view of the wavefront sensor S may be fairly narrow. For example, if the primary

imaging subsystem 150 is actively tracking the light source L, a narrow field of view reduces the

risk that some other bright object (e.g., the sun) will confuse the subsystem 150 into tracking it

instead.

[0022] Accordingly, the acquisition imaging subsystem 160 assists in the acquisition of the

light source L. The acquisition imaging subsystem 160 includes an optical imager 170

(represented by a lens in FIG. 1), a reference object RO and an acquisition detector D2. The

optical imager 170 images the reference object RO onto the detector D2. The optical imager 170

also includes an optical axis 165.

[0023] Beamsplitter 190 "combines" the two imaging subsystems 150 and 160. With

respect to the primary imaging subsystem, the beamsplitter 190 is located upstream from the

variable phase device 1 14. Downstream of the beamsplitter 190, the optical axis 155 of the

telescope is split into two parts: 155A and 155B. In branch 155A, the optical axis continues on

to the variable phase device 114 and wavefront sensor S, as before. The other branch 155B is
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aligned so that the acquisition detector D2 lies in an image plane of the telescope 110. The

beamsplitter 190 also splits the optical axis 165 of the acquisition imaging subsystem 160 into

two parts: 165A and 165B. One branch 165A continues to the acquisition detector D2 as before.

The other branch 165B is aligned so that the wavefront sensor S is located at an image plane of

the optical imager 170. Since the beamsplitter 190 overlaps the two imaging subsystems 150 and

160, the overall system can be designed so that the subsystems share certain components. For

example, there may be two beamsplitters rather than one, and the optical train between the

beamsplitters may be common to both imaging subsystems 150 and 160.

[0024] Note that in system 100, both the light source L and the reference object RO have an

optical path to the wavefront sensor S. Rays from the light source L travel vial55-155A and

those from the reference object RO travel via 165-165B. In addition, both the light source L and

the reference object RO have an optical path to the acquisition detector D2: the light source L

via 155-155B and the reference object RO via 165-165A. Typically, the field of view of the

acquisition detector D2 is larger than that of the wavefront sensor S. This aids in the initial

acquisition of light source L since the acquisition detector D2 will "see" the light source L before

it comes into the field of view of the wavefront sensor S.

[0025] FIG. 2 is a flow diagram illustrating one method 200 of object acquisition by the

adaptive optics imaging system 100. FIGS. 3A-3C are illustrations of the field of view of the

acquisition detector D2 during this initial acquisition. The following explanation uses the term

"target object TO" rather than "light source L" because the object that is initially acquired by the

system 100 may not be the same as the light source L. For example, the light source L may be

surrounded by beacon lights and it may be the beacons that are initially acquired. In this case, the

target object TO includes both the beacons and the light source L. The light source L is the

primary object to be acquired and the beacons aid in the acquisition.

[0026] Referring to FIG. 2, method 200 begins by turning on 210 the reference object RO.

In this example, the reference object RO is depicted as a point source although it is not required
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to be a point source. The reference object RO is imaged by optical imager 170 onto the

acquisition detector D2, which in this example is an imaging array. FIG. 3A is a representation

of the imaging array D2. The image of the reference object is shown by the dot 310. Also shown

are a dashed circle 320, which represents the field of view of the wavefront sensor S, and two

crosses 330, which represent the image of the target object TO. Circle 320 is dashed because, in

the geometry of FIG. 1 , the circle 320 does not represent an actual image of the wavefront sensor

S on the acquisition detector D2. Rather, it represents a projection of the field of view of the

wavefront sensor S onto the acquisition detector D2. In the initial state of FIG. 3A, the reference

object 310, wavefront sensor 320 and target object 330 are misaligned. Note that the target

object 330 is outside the field of view of the wavefront sensor 320.

[0027] In step 220, the wavefront sensor 320 is aligned to the reference object 310. In FIG.

3A, the reference object 310 is within the field of view of the wavefront sensor 320. This can be

achieved by an initial manual alignment of the two subsystems 150 and 160 and beamsplitter

190. Since the reference object RO falls within the wavefront sensor S's field of view, the

wavefront sensor detects the wavefront generated by the reference object RO. Misalignment, as

shown in FIG. 3A, is manifested as a wedge (i.e., tilt) error in the wavefront. A controller adjusts

the variable phase device 1 14 to remove this error, thus adjusting the optical path 165B and

aligning the wavefront sensor 320 to the reference, object 310, as shown in FIG. 3B.

[0028] In step 230, target object 330 is aligned to the reference object 3 10 as follows. The

target object TO produces an image 330 on the acquisition detector D2. The reference object RO

also produces an image 310. A controller determines the relative location of the two images and

controls the beam-steering mechanism 1 16 in the telescope 1 10 so as to move the target object

330 into alignment with the reference object 310, as shown in FIG. 3C. Examples ofbeam-

steering mechanisms 1 16 include adjustable mirrors (or other optics) and mechanical gimbals.

At this point, the target object 330 is aligned with the reference object 310, and the wavefront

sensor 320 is aligned with the reference object 310. Therefore, the target object 330 is also
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aligned with the wavefront sensor 320. In FIG. 3C, the star portion of the target object 330 is

also shown to illustrate this alignment.

[0029] The reference object RO can be turned off 240. Since the target object 330 is within

the wavefront sensor S's field of view, the adaptive optics control loop can take over. It

completes fine alignment 250 of the target object and the wavefront sensor and maintains the

alignment.

[0030] FIGS. 1-3 are examples. Many variations are possible. For example, steps 220 and

230 can occur in different orders: step 220 first, step 230 first, or both steps simultaneously. As

another example, it is not necessary to turn the reference object RO on 210 and off 240. In some

implementations, it may remain on constantly. As another example, "aligning" does not

necessarily mean "centering." If the two crosses of the target object TO were to the left of the

light source L, then the image 330 of the two crosses ideally would be offset to one side of the

wavefront sensor 320 so that the light source L is within the wavefront sensor S's field of view.

[0031] The reference object RO and target object TO can also take many different forms.

The reference object RO can take a shape other than a point source, although it preferably is a

point source that is near the diffraction limit at the wavelength used by the wavefront sensor S.

The reference object RO can include multiple sources with different characteristics. For

example, the reference object RO is imaged onto the acquisition detector D2 and is also received

by the wavefront sensor S. Accordingly, it might include two sources, one for each purpose.

These sources might differ in wavelength - for example if the acquisition detector D2 and

wavefront sensor S were sensitive to different wavelengths. They might also have different

amplitudes or be variable in amplitude - for example if it is necessary to increase the amplitude

in order for the reference object to rise above the noise for either the acquisition detector D2 or

the wavefront sensor S. Adjustable amplitude can also be used to turn on the reference object

RO during acquisition and to turn off the reference object RO when the system is not in

acquisition mode.
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[0032] Similarly, the target object TO can also take any number of shapes and/or locations

relative to the light source L. Any number and type of beacon can be used as part of the target

object TO. If the light source L includes optics, for example a telescope projecting a beam to

system 100, beacons may or may not share the same optics. The beacon could also be projected

by the telescope or could be located around the entrance aperture of the telescope (or elsewhere

outside the telescope). The beacons might flash in order to better distinguish them from the

background. They could also function as a separate data channel.

[0033] The design of the primary imaging subsystem 150 and acquisition imaging

subsystem 160 can also take many different forms. FIG. 4 is an illustration of an example

implementation. In this example, the variable phase device 1 14 is implemented as a deformable

mirror 14, the detector D has a single detector element (i.e., it is not an imaging array), and the

beam steering mechanism 1 16 is a tip-tilt mirror 16. The telescope 10 has an intermediate image

plane OIP, and the reference object RO is a "virtual conjugate" of the image plane OIP. The

reference object RO is implemented as the end of an optical fiber, a single mode fiber in this

case. Two sources of different wavelengths, one at the wavelength of the wavefront sensor S and

one at the wavelength of the acquisition detector D2, are fed into the fiber so that the reference

object RO contains two wavelengths. The acquisition detector D2 is an imaging array, a CCD

camera in this case.

[0034] Referring now to FIG. 4, a simplified form of a primary imaging subsystem 50 is

illustrated including a telescope 10 with an adaptive optics system. Light rays R from light

source L, such as the illustrated star when the telescope 10 is used for observing stars and

planets, enters the primary imaging subsystem 50 via the tip-tilt mirror 16.

[0035] In one embodiment, the light source L is a transmitter for a free-space optical data

transmission system (e.g., see FIG. 5). In this embodiment, the telescope is intended to be

positioned vertically and the tip-tilt mirror 16 is capable of being pivoted about two

perpendicular axes, one on the vertical axis of the telescope like a turret and the other horizontal
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in the plane of the mirror, to cause "tip
55

and "tilt
55

adjustments for aiming the mirror directly

along the line-of-sight. As an alternative, the telescope 10 may be rotatable on its axis coincident

with a vertical axis for generally aiming the mirror 16 along the line-of-sight, whereby the

vertical axis of pivoting of mirror 16 may be eliminated. Still other alternative arrangements may

be used for the coarse pointing or aiming of the telescope, such as using other tip-tilt mirrors or

translating the objective lens by small amounts.

[0036] Returning to FIG. 4, from the tip-tilt mirror 16, the light rays R travel through a lens

1 8 that focuses the light rays on an object image plane OIP where the image of the light source L

exists in focus but is uncorrected. The telescope 10 also may be of a type and construction for

receiving light waves from an earth-bound data transmission station L, such as in a system for

transmitting data from building-to-building, tower-to-tower, mountain-to-mountain or from

ground to space.

[0037] The light rays R then pass through a collimating lens 20 to the deformable mirror

14. Thus, in FIG. 4, the light rays R reaching the telescope 10 from light source L would be

undistorted and theoretically could produce a diffraction limited image of the source. However,

the earth's atmosphere creates aberrations in the light rays R before reaching the telescope 10,

which aberrations vary with the atmospheric conditions and over time, even when the telescope

is located at high elevations. Similarly, if the telescope 10 is used for viewing something on

earth at a distance or for receiving light waves for data transmission from a station at a distance

on earth, the earth's atmosphere will create aberrations in the light rays R and, therefore, produce

a wavefront that can not produce a diffraction limited image and is constantly changing when it

reaches the telescope 10.

[0038] Various wavefront sensors have been used to detect the variations in the wavefront

caused by the atmospheric aberrations and then to compensate or correct for those aberrations by

adaptive optics, such as by using a deformable mirror controlled by a wavefront sensor. Various

types of deformable mirrors may also be used. Some types of wavefront sensor and deformable
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curvature mirror that are particularly suited for use with each other in this type of system are

described and shown in U.S. Patent No. 6,452,145, "Method and Apparatus for Wavefront

Sensing," issued Sept. 17, 2002, by J. Elon Graves and Malcolm J. Northcott; and Patent No.

6,464,364, "Deformable Curvature Mirror," issued Oct. 15, 2002, by J. Elon Graves and

Malcolm J. Northcott. All of the foregoing are incorporated herein by this reference. The

deformable curvature mirror 14 in this embodiment is based on applying different voltages across

different areas of a piezoelectric material, thus causing deformation. The wavefront curvature

sensor S uses a pair of defocused pupil images.

[0039] The light rays R reflect from the surface of the deformable mirror 14 to a lens 22

that refocuses the image on the plane of an image detector D. The lens 18, collimating lens 20,

deformable mirror 14, lens 22 and image detector D are all located and centered on the optical

axis 5 5.of the system. The image detector D may be of any convenient type that is suitable for

the particular application of the system, such as a conventional detector in a video camera, a

custom format of charge couple device (CCD), an array of PIN diodes, an array of optical fibers,

photon counting detectors, or the like. The detector D provides images and/or data relative to the

light intensity throughout the image focused on detector D and these images and/or data are

displayed and/or recorded on an appropriate device 24 suitable for this application of the system.

[0040] When the deformable mirror 14 is not activated and working in closed loop with the

wavefront sensor, the image appearing at the image detector D will be the uncorrected image

received by telescope 10. When the deformable mirror 14 is appropriately deformed to

compensate for the aberrations, the image at detector D will be diffraction limited, i.e. a corrected

image. Similarly, if the system is used for data transmission by light waves, the detector D will

receive and detect corrected light rays when the deformable mirror 14 is properly deformed to

correct for aberrations in the light rays R transmitted to the primary imaging subsystem 50. Still

further, when such a subsystem 55 is used for transmitting data by light rays, the wavefront can
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be sensed and corrected by the deformable mirror 14 and the same mirror shape can be used to

pre-correct a data light emitter positioned at the same location as image detector D.

[0041] A partial mirror or beamsplitter 26 is positioned on the optical axis 55A between

lens 22 and detector D for reflecting a portion of the light rays R to a wavefront sensor S, such as

one of the wavefront sensors disclosed in the patents identified above. In a preferred

embodiment of the subsystem 50, the wavefront sensor S senses two defocused pupil images (or

the shapes and light intensities for some detectors used in a wavefront sensor S) which are

communicated to the central processing unit CPU for processing by data reduction software to

derive the wavefront curvature and provide data appropriate for the operation of the deformable

mirror 14. Specifically, as is well known in the art, the wavefront is derived or recovered by

solving the Poisson equation with respect to intensities with the Dirichlet's boundary conditions

relative to the shape of the extrafocal images. An iterative data reduction algorithm or other non-

linear fitting technique may be employed to compensate for non-linearity in measurements in an

open loop system.

[0042] The CPU then provides a plurality of separate and controlled high voltage electrical

potentials to a plurality of conductive electrode segments on the back of deformable mirror 14

through a like plurality of separate wires W-l, W-2, W-3 through W-N. The deformable mirror

14 is fixedly mounted in a mount M that is appropriately positioned to reflect the optical axis

55A and light rays R from the collimating lens 20 to the detector D. The overall slope of the

mirror, i.e. the angle of reflection of the optical axis 55A, can be modified by the application of

high voltages applied to selected electrode segments of the deformable mirror 14 through one or

more of the wires W-l through W-N and the curvature of the surface of the deformable mirror 14

may be modified for correcting aberrations by the application of controlled high voltages also

through wires W-l through W-N.

[0043] The acquisition imaging subsystem 60 is similar to the one shown in FIG. 1 . A

single mode fiber 62 is positioned so that its end serves as the reference object RO. A lens 70

23236/07540//127I658 -13-



• PATENT

images the reference object RO onto the acquisition detector D2, which in this example is a CCD

array. The acquisition detector D2 may be of any convenient type that is suitable for the

particular application of the system, such as a conventional detector in a video camera, a custom

format of charge couple device (CCD), or the like. The detector D2 provides images and/or data

relative to the light intensity throughout the image focused on detector D2 and these images

and/or data are used to align the target object TO with the reference object RO, as described

previously.

[0044] A partial mirror or beamsplitter 90 located between the object image plane OIP and

the collimating lens 20 is used to combine the primary imaging subsystem 50 and the acquisition

imaging subsystem 60. As described previously, the beamsplitter 90 splits each of the optical

axes 55 and 65 into two parts A and B. In this example, the beamsplitter 90 is not located at

forty-five degrees relative to the optical axes, so the split axes A and B are not perpendicular to

each other. In this implementation, the reference object RO is a virtual conjugate of the image

plane OIP. Therefore, downstream of the beamsplitter, the split optical axes are collocated with

each other. In other words, the optical axes 55A and 65B are identical, as are the optical axes

55B and 65A.

[0045] In one embodiment, the CCD detector D2 and wavefront sensor S operate at

different wavelengths. The primary imaging subsystem 50 is used to receive data that has been

encoded on light in the approximately 1 .55 jam wavelength range. The wavefront sensor S

operates at the same wavelengths. The CCD array D2 however operates in the near infrared

range because CCD technology is better developed at these wavelengths. The reference object

RO contains a component at both wavelengths. This is achieved by using two sources, one in the

near infrared range and one in the 1.55 (am wavelength range, and coupling both sources into the

optical fiber 62. Fiber couplers, dichroic mirrors or other types of optical couplers and

combiners can be used for this purpose. Similarly, the target object TO includes the 1 .55 jam

transmitter (which is the primary object) but also includes additional beacons that operate in the*

23236/07540//! 27 1658 -14-



• PATENT

near infrared region. These beacons are shown as crosses in FIG. 4. Wavelength filters can be

used in the subsystems 50 and 60 to filter out light at undesirable wavelengths. The beamsplitter

90 may also have different splitting ratios at the two different wavelengths.

[0046] The system operates as described in FIGS. 2 and 3. The end goal is to bring the

1 .55 (am transmitter into the field of view of the wavefront sensor S so that the adaptive optics

can operate in a closed loop fashion. In step 220, the 1.55 |im component of the reference object

RO partially reflects off the beamsplitter 90 to the wavefront sensor S. The adaptive optics loop

uses this input to align the wavefront sensor field of view with the 1 .55 jam component of the

reference object RO. In step 230, the near infrared beacons partially reflect off the beamsplitter

90 and are imaged onto the CCD array D2. The near infrared portion of the reference object RO

is also imaged onto the CCD array D2. The tip-tilt mirror 16 is adjusted so that the image of the

beacons is aligned with the image of the reference object RO.

[0047] At this point, the 1 .55 jam transmitter is aligned with the near infrared beacons

because their relative positions are known. The near infrared beacons are aligned with the near

infrared component of the reference object RO by the CCD array D2 in step 230. The near

infrared component of the reference object RO is aligned with the 1 .55 [im component of the

reference object RO because they both come from the end of optical fiber 62. The 1.55 |im

component of the reference object RO is aligned with the field of view of the wavefront sensor S

by the adaptive optics in step 220. Therefore, the 1.55 jam transmitter is aligned with the field of

view of the wavefront sensor S. The reference object RO can be turned off and the adaptive

optics can be run in closed loop mode using the 1.55 \im transmitter.

[0048] FIG. 4 is simply one example of a system according to the invention. Other

implementations will be apparent. For example, there are many different designs for telescope

10 and optical imager 70, including reflective designs. Some examples of other types of designs

are described in U.S. Patent Application Serial No. 09/892,913, "Atmospheric Optical Data
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Transmission System/' filed June 26, 2001 by J. Elon Graves and Malcolm J. Northcott, which is

incorporated herein by this reference.

[0049] FIG. 5 is an illustration of a free-space optical data transmission system 5 using an

adaptive optics imaging system. The free-space optical data transmission system 5 is

diagrammatically illustrated as being used in an urban environment where a pair of transceivers,

generally designated 10 and 10', of the system are located on the roofs of two buildings at

substantially spaced locations but having a line-of-sight 12 that is not obstructed by any

permanent structures. The transceivers 10 and 10' utilize adaptive optics imaging systems of the

sort described previously. The systems shown in FIGS. 1-4 have been described in the context of

a detector D receiving an optical signal (or image). In other words, FIGS. 1-4 depict receivers.

Transmitters based on the same principle can be constructed by replacing the detector D with a

transmitter, such as a modulated laser source or a fiber carrying data-encoded light. Using a

transmitter as the light source L in FIGS. 1-4 results in a unidirectional free-space optical data

transmission system. Two separate unidirectional systems can be combined to create a bi-

directional system. More economically, the transmitter and receiver at each location are

combined into a single transceiver, for example by providing both a detector D and a transmitter

in each adaptive optics imaging system. Further examples are described in U.S. Patent

Application Serial No. 09/892,913, "Atmospheric Optical Data Transmission System," filed June

26, 2001 by J. Elon Graves and Malcolm J. Northcott, which is incorporated herein by this

reference.

[0050] Either or both of the transceivers 10 and 10' may be mounted in a building at a

window for protection from weather conditions, as long as means are provided for cleaning and

de-moisturizing the window surfaces to thereby allow an unobstructed transmission of light

between the transceivers 10 and 10' along the line-of-sight 12. For example, passing a thin wiper

blade over the window surface will not interfere with the data transmission and reception. FIG. 5

includes illustrations of buildings of different heights, automobiles, roadways, trees and a smoke
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stack on one building, which, in addition to weather conditions, create different atmospheric

conditions. Rain, fog, smoke and the like lower the intensity of the transmitted light whereas

conditions such as sun-induced and structure-created heat waves, air conditioning discharges,

heat exchanger discharges, automobile exhaust discharges, etc. create aberrations in the line-of-

sight 12 in addition to the normal atmospheric aberrations caused by weather conditions. Of

course, even in a rural application of a free-space optical data transmission system, the

atmospheric conditions in a line-of-sight 12 between the transceivers 10 and 10' will be

influenced by the varying terrain, vegetation and lack of vegetation, as well as the weather

conditions, thereby creating variable aberrations along the line-of-sight 12.

[0051] The free-space optical data transmission system 5 uses adaptive optics to mitigate

these atmospheric conditions that otherwise adversely affect the transmission and reception of

data-encoded light waves. By using adaptive optics in the transceivers, more available data-

encoded light is available (provided) to the receiving transceiver with a good image quality.

Also, by using bi-directional light transmission, the incoming beam wavefront information may

be used to pre-correct the transmitted light beam by the adaptive optics of that transceiver

because the bi-directional beams are on the same path. The transceivers 10 and 10' may be

identical or of different constructions.

[0052] FIG. 5 illustrates a single free-space optical data link between transceivers 10 and

10' and, for economic and physical reasons, it is preferred that the link is bi-directional with a

single objective lens in each transceiver serving as both the transmitter and the receiver

telescope. However, where appropriate, one telescope may be used as only a transmitter and the

other telescope as only a receiver, either continually or periodically, in a unidirectional system

whereby each telescope will not literally be a "transceiver", i.e. bi-directional, but for

convenience the term "transceiver" will be used herein to mean both bi-directional and

unidirectional telescope devices of the free-space optical data transmission systems. Even for

such a unidirectional system, a counter-directional probe beam will be used for the operation of
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the wavefront sensor in the transmitter telescope, whereby light is being transmitted in both

directions, and that probe beam may be of a different wavelength than the data-encoded light

beam. The light beams transmitted in opposite directions are exposed to and sample the same

atmospheric conditions, whereby the wavefront data sensed at each transceiver is relevant to the

data transmission. Also, it should be noted that the data-encoded light received by each of the

transceivers 10 and 10' of this free-space data link may be processed or retransmitted in any

convenient and conventional manner, such as, through fiber optics or another free-space data link

of this or any other type.

[0053] In the free-space optical data transmission system 5, at present it is preferred to use

light of 1.55 jam (microns) wavelength for both the data-encoded light transmission and

wavefront sensing, as described below, although different wavelengths may be used for data and

wavefront sensing, and other wavelengths may be used and even preferred under certain

atmospheric conditions. For instance, the 1.31 jam wavelength may perform well with the

present system in a single wavelength or in WDM (wave division multiplexing) mode, but may

present problems in a WDM mode due to the number of atmospheric (OH) absorption features.

Further, the present commercial unavailability of amplifiers for 1.31 (am at a reasonable cost

renders that wavelength less attractive.

[0054] While the use of a single pair of transceivers 10 and 10
5

normally will be used for a

free-space data link for reasonable distances, i.e. 1 km to 2 km and perhaps beyond, it is also

possible for significantly longer distances to use an arrangement of two or more free-space

optical data transmission systems operating side-by-side to increase the reliability and, with such

an arrangement, it is preferred that the output apertures of the transceivers be placed close

together and that the phase of the data signals transmitted be maintained. In the case of using one

or more adjacent apertures, the apertures should be close enough together that the images in the

receiver telescopes should sufficiently overlay so that significant energy from each telescope can

be coupled to a single fiber. Alternatively the links can, for example, be placed far enough apart
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that there is no interaction between them (separation of a few arc-minutes or greater with the

preferred embodiments) so that they can be operated completely independently.

[0055] In the case where the transmitter telescopes are placed closely together sufficient

attention must be paid to the transmitter telescopes optical coherence to ensure that problems are

not encountered due to spatial or temporal interference. Data modulation signals from each of

the transmitting telescopes should be in phase. However, it is important that the optical phase

from each telescope should either be controlled to much better than a wavelength or be

randomized to prevent interference effects at the receiver. The path length can be controlled

actively, but requires a wavefront sensor to determine the relative path length delays, or piston

errors that occur between the disparate apertures. Interferometric piston sensors are well known

in the art and can be based on fringe tracking or a simple two arm interferometer. Optical phase

randomization can be achieved using the same laser light, split to feed each telescope (possibly

coherently amplified), provided that dissimilar path delays greater than the optical coherence

length are introduced in each telescope, and provided such delays are consistent with maintaining

a sufficiently consistent data signal phase relationship. Optical phase randomization may also be

achieved by using a separate transmitter diode or laser diode for each telescope, which also

implies the use of optical-electrical-optical (OEO) conversion or an incoherent optical amplifier

(optical transistor) to transfer the signal

[0056] In a similar way, careful attention must be paid to coherence issues if optical signals

from several independent receiver telescopes are to be optically combined. The same solutions

of controlling the piston errors, or ensuing the signal are incoherently combined can also be

applied to the receiver context. Whenever optical beams from separate sources are combined the

optical bandwidth of the transmitter sources must be much greater than the bandwidth of the data

signal, to prevent unwanted temporal interference from adding excess noise to the combined

signal.
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[0057] Presently, it is contemplated that the most desirable light sources for transmitting

the data-encoded light by the system of the present invention is directly from an optical fiber.

This may be a laser diode of any type which is bright enough and can be modulated at fiber

transmission speeds. If the data signal is electrical, then an electrical-optical (EO) conversion

will be made. If the data signal is optical but of a wavelength that is incompatible with the

present system, then a wavelength conversion will be made, such as from 1 .31 wavelength to

1 .55 |im wavelength for the present free-space transmission system. The wavelength conversion

can be made by optical means (e.g., based on nonlinear optical phenomenon) or by optical-

electrical-optical (OEO) means.

[0058] The minimum size of the light beam propagated between two systems is set by

diffraction. Assuming that the projected beam has a Gaussian profile of standard deviation a

(sigma) and is projected a distance D, then the standard deviation of the projected beam due to

diffraction is D^/7ia where X is the propagation wavelength. A characteristic propagation

distance, which depends on a the width of the projected beam (which will be a fraction of about

1/3 to 1/4 of the objective lens diameter), can be defined. At and beyond the characteristic

propagation distance, phase information from the projecting/transmitting telescope is converted

to amplitude variations at the receiving telescope. The characteristic distance may be defined

(somewhat arbitrarily) as the distance where D X/no = a, that is where the beam diameter has

expanded by a factor of the square root of 2, then D = no1
IX. Therefore, for example, with a 12.5

cm diameter telescope lens with a projected a (sigma) of 4 cm, the characteristic range would be

approximately 3 km.

[0059] Beyond the characteristic range, the data signal strength will fall as the square of the

distance. For ranges less than the characteristic range, there will be increasing propagation of

wavefront phase information between the two systems. At some point this propagation of phase

information may cause instability in the two opposing adaptive optics systems. However,

geometric arguments suggest that instability should not be a serious problem as long as 1 » a.
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For distances significantly less than the characteristic distance, some differential focus between

the transmit and receive fibers may be necessary in order to ensure that the aperture of the

receiving telescope is not significantly underfilled. Also at these shorter distances pupil

illumination may become non-uniform due to Fresnel diffraction, and adjusting the transmit

beam focus may also improve the pupil illumination in this case.

[0060] Returning to FIG. 5, each transceiver 10 and 10' of the free-space optical data

transmission system 5 uses the techniques described in FIGS. 1-4 in order to align the overall

system 5. As described previously, many different types of beacons can be used for this purpose.

As an example, assume that the beacon for each transceiver 10 and 10' is a separate light source

located outside of the telescope. For example, it may be a set of blinking lights located around

the aperture of the telescope or even mounted to the building (as opposed to mounted on the

telescope itself)- Also assume for this example that the system 5 is transmitting data bi-

directionally.

[0061] The transceivers 10 and 10' then align themselves as follows. In step 220 of FIG. 2,

each transceiver 10 and 10' adjusts its internal adaptive optics system to align the field of view of

its wavefront sensor S to its internal reference object RO. In step 230, each transceiver 10 and

10' aligns the beacons of the other transceiver to its internal reference object RO. When both

transceivers 10 and 10' have completed these steps, they should be well enough aligned to

receive the primary light beam (i.e., the light beam for the wavefront sensor) from the other

transceiver. The adaptive optics can then run in closed loop mode using the primary light beam,

as shown in step 250.

[0062] The use of these systems simplifies the initial acquisition process since, in some

applications, the telescope and wavefront sensor have a narrow field of view. In one example,

the transmitting telescope produces a primary light beam that is only 100 mm in diameter at a

distance of 5 km. It is difficult to acquire such a tightly focused beam using a receiving telescope

and wavefront sensor S with such a narrow field of view. The transmitting telescope itself would
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have to be aligned to point at the receiving telescope before the receiving telescope could be

aligned. However, in the approach described above, the acquisition imaging subsystem eases this

difficulty. The beacons have a much wider divergence than the primary light beam and can

easily be pointed at the receiving telescope. For example, their divergence may be so wide that

the receiving telescope can always see the beacons and no active alignment of the beacons is

required. At the receiving telescope, the acquisition detector D2 has a field of view which is

significantly wider than that of the wavefront sensor S. Thus, it is easier to perform the initial

acquisition and alignment of the overall system 5.

[0063] Although the invention has been described in considerable detail with reference to

certain preferred embodiments thereof, other embodiments will be apparent. Therefore, the

scope of the appended claims should not be limited to the description of the preferred

embodiments contained herein.
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